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ABSTRACT
Atomic layer deposition technology offers many benefits, such as a con-
formal, accurate and homogeneous thin film coating, compared to other
thin film deposition technologies. In this thesis, these benefits were ex-
perimentally utilized to improve the optical quality and fabricate various
nanophotonic components with details at a scale far below the wavelength
of light. In addition to atomic layer deposition electron beam lithography
and reactive ion etching were used as the main fabrication methods.
In the first part, the post-processing method for improving the opti-
cal quality of strip waveguides were demonstrated with TiO2 and Si3N4
platforms. Significant reduction in the propagation losses at the infrared
wavelengths were found with both platforms after the post-processing.
In the second part, a thin film stack consisting of TiO2 and Al2O3 layers
was grown around a silica fiber with a very accurate thickness control.
Thus, a Bloch surface wave propagated in this stack as designed, at visi-
ble wavelengths. At this moment, only atomic layer deposition enables the
conformal growth of the thin film stack around the fiber. In the last part,
fabrication of slot waveguide structures and a nanobeam cavity structure
with a parabolic opening were demonstrated in the TiO2 platform. An
extremely narrow slot was achieved by using the feature size reduction
method and geometrical parameters of the nanobeam cavity structures
were tuned to work at visible wavelengths.
Atomic layer deposition technology was found to be a very useful
method for improving the optical quality and performance of nanowaveg-
uide devices. The presented methods may open up a path to future
sensing applications especially at the visible wavelength region, in which
many biosensors operate.
Universal Decimal Classification: 535.3, 620.3, 621.372.8, 681.7.02
INSPEC Thesaurus: optics; nanophotonics; optical waveguides; microfabrica-
tion; nanofabrication; coatings; thin films; atomic layer deposition; electron beam
lithography; etching; optical losses
Yleinen suomalainen asiasanasto: optiikka; mikrorakenteet; nanorakenteet; valmis-
tustekniikka; ohutkalvot; atomikerroskasvatus; litografia; etsaus; titaanidioksidi
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1 Introduction
Photonics is evidently present in our daily lives in many ways even
though we are not conscious of it. For example, it is a key en-
abler of the Internet, weather monitoring and 3D movies. This is
also true in health care, where optical methods are utilized very
widely. Furthermore, increasing demands of fast, precise and espe-
cially reliable diagnostic tools have led researchers to explore new
approaches in sensor applications [2].
A general trend in micro- and nanostructures is a continuous
miniaturization. This demand is a challenging issue for traditional
fabrication methods and their capabilities. Due to this reason, atomic
layer deposition (ALD), which is a Finnish innovation [3], has re-
cently gained a lot of interest in the field of photonics [4–7]. This is
due to many benefits compared to other thin film deposition tech-
nologies and in this doctoral thesis, we focus on these benefits in
the field of nanophotonics.
The main concern with high index contrast waveguides are the
propagation losses. Those losses are mostly due to the sidewall
roughness which is caused by the lithography process. Low-loss
waveguides are difficult to achieve, since the electric field ampli-
tude at the core/cladding interface is high, which means that the
sidewall roughness at the interface has to be as small as possible [8].
An ALD re-deposition method is utilized for reducing the propaga-
tion losses of the waveguides. Benefits of this re-deposition method
are studied in IR wavelengths with two different platforms in Pa-
pers I and II.
The second aim of this thesis is to move closer to the field of bio-
photonics [9, 10]. Biophotonics is an interdisciplinary research field
combining photonics and biology. In other words, biophotonics in-
volves development and application of optical techniques to mea-
sure biological samples, but also laser surgery has a very important
role in healtcare nowadays. In biophotonics applications, one can
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reach some benefits by using visible region of the spectrum instead
of IR wavelengths. In bio-sensing applications the analyte is quite
often in an aqueous environment. Using visible wavelengths, one
can avoid the water absorption peak in near IR, thus more sensitive
bio-sensors can be designed. Due to this weaker water absorption,
one does not have to worry about the high heat generation, which
may ruin the biological samples [11]. An other important point
is a possibility to use fluorescence markers in label based sensing
methods [12].
While focusing on the visible instead of IR wavelengths, the
wavelength decreases and thus the size of the structures has to
be much smaller. Due to these points the optical quality of the
waveguides arises in an important role to guarantee low propa-
gation losses in the optical device. This makes fabrication more
challenging and requires well developed fabrication processes, es-
pecially reactive ion etching (RIE) processes.
One advantage of ALD is the possibility to grow uniform coat-
ings all over the samples and based on this idea a novel geometrical
approach to fabricate one-dimensional photonic crystals on a silica
fiber is demonstrated in Paper III. Another advantage is the pos-
sibility to fine tune the fabricated structures. This idea is used in
Paper IV, where feature size reduction method was used to fabri-
cate slot waveguides for the visible wavelengths. In Paper V, fine
tuning of the parameters is demonstrated in nanobeam cavity struc-
tures operating in the visible wavelengths.
The main focus of this thesis is the fabrication of micro- and
nanostructures for photonics applications by using the advantages
of ALD. Fabrication of this kind of micro- and nanostructures, which
are much smaller than airborne particles, requires sophisticated fab-
rication tools. These structures are very sensitive to all changes in
the fabrication environment and for that reason all fabrication must
be done in a clean room environment, where number of particles,
temperature and humidity are well-controlled.
This doctoral thesis is divided into five chapters. In the chapter
2 an introduction to the waveguide based devices is presented to
2 Dissertations in Forestry and Natural Sciences No 204
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give background information for the reader. The main fabrication
and characterization methods are presented in the chapter 3. In the
chapter 4 main results of this thesis are discussed giving weight
for the fabrication. The final conclusions of this doctoral thesis are
given in the chapter 5.
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2 Introduction to waveguide
based devices
Although the focus of this doctoral thesis is in the experiments,
a brief theoretical background is presented in this chapter to get
understanding behind the fabricated devices. Introduction to the
theory of those devices is presented beginning from the Maxwell’s
equations to the numerical method to solve those and including
fundamentals of dielectric waveguides, photonic crystals, and mi-
croring resonators, which are main structures encountered in this
thesis.
2.1 MAXWELL’S EQUATIONS
Maxwell’s equations are a set of four equations, which describe the
behavior of electric (E) and magnetic (H) fields and their interac-
tions. Let us consider an electromagnetic field in a dielectric mate-
rial. In case of a source free, linear and isotropic medium, where
an electric charge density is ρ = 0, electric current density is J = 0
and an electric permittivity (ε) and a magnetic permeability (µ) are
independent of E and H , Maxwell’s equations become: [13]
∇× E = −
∂
∂t
B, (2.1)
∇× H =
∂
∂t
D, (2.2)
∇ · D = 0, (2.3)
∇ · B = 0. (2.4)
Here B and D are the magnetic induction and the electric displace-
ment, respectively. These equations describe the electromagnetic
field in time and space.
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Constitutive relations
In linear isotropic media we have constitutive relations between the
magnetic and electic flux densities (B and D) and the field ampli-
tudes (E and H): [13]
D = εE, (2.5)
B = µH , (2.6)
where ε is an electric permittivity and µ is known as a magnetic
permeability. The electric permittivity ε is written as ε = εrε0,
where ε0 is the permittivity in a vacuum and εr is the relative
permittivity. Respectively, the magnetic permeability is written as
µ = µrµ0. These material equations combine the macroscopic elec-
tric displacement to the electric field and the magnetic induction to
the magnetic field.
Wave equations
The main result of Maxwell’s equations are the wave equations, de-
scribing, in time and space, the propagation of an electromagnetic
wave in medium defined by ε and µ. Derived from Maxwell’s curl
equations (2.1) and (2.2), constitutive equations (2.5) and (2.6) [13],
they are usually written as:
∇
2E− εµ
∂2E
∂t2
= 0, (2.7)
∇
2H − εµ
∂2H
∂t2
= 0. (2.8)
In principle this means following: electromagnetic waves, gen-
erally a plane or spherical waves, are solutions to wave equations.
A propagating electromagnetic wave must satisfy them and for that
reason their superposition will satisfy those also. Thus, the general
electromagnetic field can be presented as a superposition of the
plane waves by using an angular spectrum representation.
6 Dissertations in Forestry and Natural Sciences No 204
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Boundary conditions
The wave solutions must be connected at an interface between two
media. These rules are called boundary conditions and can be de-
rived from integral form of Maxwell’s equations by using the Gauss
divergence theorem and the Stokes theorem. Boundary conditions
for a planar interface between two homogeneous dielectric inter-
faces (ρ, J = 0) can be presented as [13]:
sˆ× (E2 − E1) = 0, (2.9)
sˆ× (H2 − H1) = 0, (2.10)
sˆ · (B2 − B1) = 0, (2.11)
sˆ · (D2 − D1) = 0, (2.12)
where sˆ is the unit normal vector to the surface. These results mean,
that tangential components of E and H and normal components of
B and D are continuous at the interface. These boundary conditions
are important, e.g., in solving waveguide propagation problems.
Furthermore, the working principle of slot waveguides is based on
the discontinuity of the electric field at the boundary, which causes
an increased intensity in the slot region [14].
2.2 DIELECTRIC OPTICAL WAVEGUIDES
An optical waveguide is a light channel, which confines and guides
light in a material through total internal reflection (TIR) mechanism
and it is surrounded by another material with a lower refractive
index. Different types of waveguides are a strip, a slab, a rib and a
slot [14, 15]. A schematic figure of those is shown in Fig. 2.1.
2.2.1 Total internal reflection
The operation of waveguides is based on total internal reflection
(TIR) mechanism, which means light is traveling in a waveguide
by reflecting. At an interface between two media, where n1 > n2,
Dissertations in Forestry and Natural Sciences No 204 7
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Figure 2.1: Schematic figure of different types of waveguides; a strip (a), a slab (b), a rib
(c), and a slot (d).
there exists a critical angle θc of incidence, after which all the light
is reflected. This angle is defined as:
sin θc =
n2
n1
. (2.13)
A simple ray optic model is shown in Fig. 2.2, which explains
the basic principle of TIR [16]. In the case (a) the incidence angle
is less than the critical angle and most of the light is transmitted
through the boundary, in the next one (b) the incidence angle is
equal to the critical angle, when most of the light travels along the
boundary. If the incidence angle (c) is greater than the critical angle,
all the light is reflected.
n2
n1
(a) (b) (c)
n2n1
c
ri r
t
i
Figure 2.2: Simple ray optical model to illustrate total internal reflection.
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2.2.2 Modes in an asymmetric slab waveguide
The ray optic model of light based on total internal reflection de-
scribes the physics of confined propagation modes. Those modes
are presented as the solutions of the eigenvalue equations, which
are derived from Maxwell’s equations using plane wave solutions
for each segment. We can ensure the continuity of the wavefunction
by adding the boundary conditions imposed by the geometry.
Let us consider field propagation in a 3-layer step-index asym-
metric slab waveguide presented in Fig. 2.3, which is one of the
simplest optical waveguide structures. The slab waveguide struc-
ture consists of homogeneous and isotropic materials with a high-
index guiding dielectric layer surrounded on either sides by lower-
index materials. Let us denote refractive index of a substrate (ns),
refractive index of film (nf), refractive index of cladding (nc) and
height of film (h).
Now we can consider the propagation of a monochromatic radi-
ation along the z-axis. Assuming that the permeability is constant,
the Maxwell’s equations get the following forms [17]:
∇× E = −iωµH , (2.14)
∇× H = iωε0n
2E. (2.15)
Assuming that the dielectric waveguide is homogeneous along the
z-axis, solutions of the wave equations can be written as:
Figure 2.3: Slab waveguide structure consist of three different materials. The guiding
layer is presented with a refractive index nf and a height h surrounded on either sides by
materials with lower refraction indices ns (substrate), and nc (cladding).
Dissertations in Forestry and Natural Sciences No 204 9
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E(x, t) = Em(x) exp[i(ωt− βz)], (2.16)
H(x, t) = Hm(x) exp[i(ωt− βz)], (2.17)
where β is the propagation constant along the guided direction (z
component of the wavevector) and Em(x) and Hm(x) are wavefunc-
tions of the guided modes, with mode number m being an integer.
A wave equation including only the electric field component is
obtained with k0 = ω/c = ω(ε0µ0)1/2. For a dielectric structure the
wave equation can be obtained by eliminating H from Maxwell’s
equations. The wave equation can be written as (simplified from
[17]):
∂2E(x)
∂x2
+
(
k20n
2
− β2
)
E(x) = 0, (2.18)
where k0 is the wavenumber in vacuum. We have to solve this
equation separately in each segment of the slab structure and then
match the tangential components of the field at each interfaces.
Guided TE modes
We can solve the wave equation in each dielectric region. Charac-
teristic equations for TE-modes, whose electric field vector is per-
pendicular to the plane of propagation, are now:
∂2Ey
∂x2
+ (k20n
2
c − β
2)Ey = 0 cladding, (2.19)
∂2Ey
∂x2
+ (k20n
2
f − β
2)Ey = 0 film, (2.20)
∂2Ey
∂x2
+ (k20n
2
s − β
2)Ey = 0 substrate. (2.21)
We denote an attenuation coefficient (γi) in each surrounding re-
gion and a transverse wavevector (κf) in the guiding region as:
γi =
√
β 2 − n2i k
2
0, κf =
√
n2f k
2
0 − β
2. (2.22)
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Field components can be solved in different regions by using the
boundary conditions and noting that β must satisfy k0ns < β <
k0nf. This is actually a universal condition for any dielectric waveg-
uide. Then the transverse portions of the electric field amplitudes
are [13]:
Ey =


Ae−γcx, 0 < x cladding
B cos(κfx) + C sin(κfx), −h < x < 0 film
Deγs(x+h), x < −h substrate
(2.23)
where A, B, C, and D are amplitude coefficients. Applying conti-
nuity of Ey at the x = 0 interface and making the magnetic field
continuous at x = 0, which requires that the ∂Ey/∂x is continuous
at x = 0, give us at boundaries for TE mode:
A = B and C = −A
γc
κf
. (2.24)
All coefficients can be written in terms of A by adding the condition
that Ey is continuous at x = −h:
D = A [cos(κfh) + γc/κf sin(κfh)] . (2.25)
Putting all the terms together we get:
Ey =


Ae−γcx, 0 < x
A
�
cos(κfx)−
γc
κf
sin(κfx)
�
, −h < x < 0
A
�
cos(κfh) +
γc
κf
sin(κfh)
�
eγs(x+h). x < −h
(2.26)
The propagation and decay constants, γc, γs and κf depend on β,
which is still undefined. By adding the boundary condition con-
tinuity of ∂Ey/∂x at x = −h, we obtain an eigenvalue equation,
where β is included in the terms γ and κf:
tan(κfh) =
γc + γs
κf
�
1−
γc γs
κ2f
�. (2.27)
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This is the eigenvalue equation for TE-modes of an asymmetric slab
waveguide. Now, only the propagation constant β is an unknown
parameter. Solutions of β are certain discrete values, which indi-
cates that light is propagating in a discrete number of modes.
Guided TM modes
A similar analysis can be performed to obtain the eigenvalue equa-
tion for the TM-modes. Thus the continuity of Hy and Ez at the
boundaries leads to the eigenvalue equation for TM modes [13]:
tan(κfh) =
κf
[
n2f
n2s
γs +
n2f
n2c
γc
]
κ2f −
n4f
n2cn
2
s
γcγs
. (2.28)
Due to the transcendental nature of the eigenvalue equations,
a numerical method is required to make the computations even
in case of a one dimensional slab waveguide, where light is con-
fined only in one transverse direction. However, a two dimensional
waveguide can confine light in two directions (x and y). For that
reason the mathematical description is more complicated [15]. One
of the main differences is that the 2D waveguides do not have pure
TE or TMmodes, but quasi-TE and quasi-TM modes having a weak
field component along the propagation direction.
2.2.3 Properties of modes
Light can be transmitted through a waveguide only by a finite num-
ber of modes. Each eigenvalue (also called the propagation con-
stant) β, which is one solution of the wave equation, corresponds
to a distinct mode and every mode has a unique field distribution.
Thus, the spectrum of βs for guided modes is discrete. Several
things determine the propagation modes in the waveguide, such as
refractive indices of core and substrate materials, the used wave-
length, and dimensions of the waveguide [13].
12 Dissertations in Forestry and Natural Sciences No 204
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Most of the modes will not be guided in the system and the
value of β may lead to unguided modes (radiation modes). The
number of propagating modes in a slab waveguide can be estimated
as [15]:
M
.
=
2h
λ
NA, (2.29)
where h is the height, λ is the wavelength, and the numerical aper-
ture is defined as NA =
√
n2f − n
2
s , and the value of M is increased
to the nearest integer.
2.2.4 Waveguide losses
The main loss mechanisms are well-known in waveguide techno-
logy [18]: first, the absorption and scattering due to the impurities
and the material nonuniformity play an important role. Due to
these issues the optical field can leak to the substrate or cladding
layer.
Second, the excess imperfections including the surface/sidewall
roughness and those at the core/cladding interface are of signifi-
cance. In case of nanowaveguides this sidewall roughness, which
is caused by lithography processes, can be a problem if a low-loss
waveguide application is needed. A semianalytical model to de-
scribe effects of the sidewall roughness in strip waveguides has been
published by Poulton et al. [19].
In commercial applications, one can protect devices and limit
the excess absorption or scattering by using a cladding layer on the
devices.
2.3 PHOTONIC CRYSTALS
A Photonic crystal (PhC) is a periodic structure with fluctuating
refractive indices (1D) or alternately arranged dielectric regions in
some particular dimensions (2D and 3D), which can be used to con-
trol the behavior of light. If the distance between different regions
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Figure 2.4: Schematic picture of 1D, 2D and 3D photonic crystals. Different colors repre-
sent materials with different refractive indices [20].
in the photonic crystal is on the order of the wavelength, it will
reflect light at a particular wavelength band and cause a photonic
band gap, where light cannot propagate through the structure [20].
Transmission of light through a PhC can be designed for a de-
sired wavelength band. This gives a possibility to design a number
of different applications, like antireflection coatings [21] and sen-
sors [22]. Schematic figures of 1D, 2D and 3D PhCs are shown in
Fig. 2.4.
In practical applications, a photonic band gap (reflected part of
light) of a PhC is the most important property when determining
the usability of a device. PhC structures can be also found in nature,
for instance, the patterns on the wings of butterflies and their colors
are induced by the reflection of light from the microstructures in the
wings [23].
Bloch surface waves
With some boundary conditions plane waves are not a solution of
the wave equation. Bloch Surface Wave (BSW) is a type of elec-
tromagnetic wave, which can be sustained on the surface of a pe-
riodically layered medium. A well designed, periodically repeat-
ing structure causes an increasing intensity in a dielectric structure.
BSWs in a dielectric multilayer have been found in late 1970’s and
these waves are formally analogous to electric surface states in crys-
14 Dissertations in Forestry and Natural Sciences No 204
Introduction to waveguide based devices
tals [24].
We demonstrate propagation of a BSW in the PhC structure fab-
ricated on a silica fiber in Paper III. Intensity distribution of the de-
signed structure is shown in the Fig. 2.5, where one can see a high
field intensity near the boundary between the PhC and air.
Figure 2.5: Cross-sectional BSW intensity distribution across the well-designed dielectric
structure [Paper III].
2.4 MICRORING RESONATORS
Ring resonators are common and widely used optical components
in the field of photonics. Many devices can be realized by using
those, like wavelength filters [25,26], modulators [26,27], lasers [28],
polarization rotators [29], and sensors [30].
The ring resonator consists of one or two input/output bus
waveguides and a looped waveguide, in a shape of a ring or an
oval. The field, which propagates in the bus waveguide is coupled
from the bus to the ring. The wave can interfere constructively
and cause resonance in the cavity if a phase shift, which is due to
an optical path difference, in the loop is 2pi times an integer [31].
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Figure 2.6: Basic ring resonator structure (a) and an example of a simulated transmission
spectrum of the microring resonator, where FSR and ∆λ are shown (b).
An illustration of a basic ring resonator structure is shown in Fig.
2.6(a).
Microring resonator theory is described in many books, but
Heebner et al. [32] present the theory extensively. A numerical solu-
tion of a such guiding and resonating structure is challenging even
in a 2D case [33]. However, the behavior of the ring resonator struc-
tures can be understood easier by using a simpler analysis based
on the resonance theory [34].
2.4.1 Free spectral range
In the quality evaluation of the ring resonator two parameters are a
point of interest: the free spectral range (FRS) and the quality factor
(Q-factor). The free spectral range is a wavelength range between
two resonance peaks and it can be calculated as [31]:
FSR =
λ2
2pingr
, (2.30)
where λ is the wavelength, ng is the group index and the r is radius
of the ring.
2.4.2 Quality factor
The Q-factor of the ring resonator characterizes the relation of the
sharpness of the resonance to its center frequency [35] and it can be
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estimated using the equation:
Q =
λ
∆λ
, (2.31)
where λ is the cavity resonance wavelength and ∆λ is the fullwidth
at half maximum of the resonance. FSR and ∆λ are presented in
Fig. 2.6(b). The physical meaning of the Q-factor relates to the
number of oscillations made by the energy in the resonator before
being lost to internal loss and the bus waveguides [31].
2.5 NUMERICAL METHOD TO SOLVE MAXWELL’S EQUA-
TIONS
In this section, the used numerical method to solve Maxwell’s equa-
tions is presented. Numerical methods have been developed to
solve those equations since analytical methods have their own lim-
itations. In this thesis the commercial OptiFDTD software from
OptiWave is used, which is a powerful tool for simulations of pas-
sive photonic components and it is based on Finite Difference Time
Domain (FDTD) method. Other commonly used methods are the
Fourier Modal Method (FMM) [36–39] and the Finite Element Meth-
od (FEM) [40].
Finite Difference Time Domain
The Finite Difference Time Domain (FDTD) method [41] is based on
a direct numerical solution of the time-dependent Maxwell’s curl
equations. An electromagnetic wave is represented by a 3D array:
Ex, Ey, Ez, Hx, Hy and Hz. This unit is called a Yee-cell and a picture
of the standard FDTD cartesian Yee cell is shown in Fig. 2.7. Electric
and magnetic field components are interleaved both in space and
time, thus those can be solved sequentially in a leapfrog manner.
Calculation is repeated until the desired number of time steps is
reached. Maxwell’s time dependant curl equations are solved at
each point of the space and time [42].
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Figure 2.7: 3D Yee cell showing the electric (E) and magnetic (H) field components in
space [43].
The FDTD method can be used to solve very complicated 3D
problems, but it needs a large amount of memory and the compu-
tation time is increasing substantially. Depending on the designed
structure, simulations may easily require tens of thousands time-
steps for a proper simulation result. Luckily, in most of the cases
a 2D option, using the effective index approximation, offers a good
tool for a raw and a fast optimization with shorter computation
time. Faster computation time can be reached in 2D cases, be-
cause one direction in the design is assumed to be infinite. This
assumption removes all the derivatives in this assumed direction
from Maxwell’s equations.
18 Dissertations in Forestry and Natural Sciences No 204
3 Fabrication and characteri-
zation methods
In the following chapter we take a closer look at the main fab-
rication and characterization methods and equipment, which are
used in this thesis. In separate sections the atomic layer deposition
(ALD), physical vapor deposition (PVD), electron beam lithogra-
phy (EBL), etching, scanning electron microscopy (SEM) and optical
characterization method are described.
3.1 ATOMIC LAYER DEPOSITION
Atomic layer deposition (ALD) is a cyclic coating method to fabri-
cate thin films. ALD, which is a Finnish innovation, was originally
introduced in 1977 for the preparation of dielectric thin film struc-
tures for the electroluminescent (TFEL) flat-panel displays [3]. ALD
was earlier called atomic layer epitaxy (ALE), but the name ALE
was changed to ALD in the early 1990s [44].
This method is a modification of a chemical vapor deposition
(CVD) method and the basic idea of ALD process is to pulse two
precursor vapors in a reaction chamber periodically [45]. A sche-
matic picture of the steps of one ALD cycle is shown in Fig. 3.1.
In this particular example Al2O3 is grown by first pulsing trimethyl
aluminum (TMA) precursor on a substrate and excess/unadsorbed
vapors are purged out with nitrogen (N2), which is a generally used
purging gas [46]. Next the second precursor, water vapor, is pulsed
on the substrate, which reacts with the first precursor. Thus, a satu-
rated layer is formed on the substrate and the excess precursor and
by-products are purged out. In an ideal case, an atomic layer of ma-
terial is grown in one cycle. This is possible due to a self-limiting
process, which prevents more atoms from adsorbing on the surface.
Due to the saturation of each reaction steps, many benefits can
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Figure 3.1: ALD coating steps of an Al2O3 film by using TMA and H2O as precursors
(Published with kind permission by Beneq [47]).
be achieved when compared to other thin film deposition technolo-
gies: the film thickness can be controlled very accurately (less than
1 nm scale) and the optical quality of films is very high, which en-
ables to coat, e.g., high quality thin film stacks very accurately. Fur-
thermore, ALD provides the possibility to grow conformal coatings
around different kind of samples, like gratings and fibers. Also,
large chambers can be used in mass production. A recent inno-
vation combines ALD technology into a roll-to-roll method, which
allows faster throughput in mass production [48, 49]. Moreover,
low fabrication temperature enables to coat samples which have
pre-processed components, like replicated polymer devices, which
do not withstand high temperatures. Disadvantages of ALD are a
slow growth rate, volatile precursors, and despite an already large
amount of dielectric materials available, the deposition of metals
remains a challenging issue [50].
Generally, thermal ALD processes are done in lower tempera-
tures than CVD processes. Fabrication temperature of some oxides
and nitrides can be further decreased even near to room tempera-
ture by using a plasma-assisted processes [46].
In this thesis two different ALD grown materials are used: ti-
tanium dioxide (TiO2) and aluminum oxide (Al2O3). Fabrication
processes are thermal for both materials at a temperature of 120◦C,
which results in an amorphous material. In waveguide applica-
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tions, lower propagation losses can be reached if the material consti-
tuting the core is amorphous [51], due to lacking of the clear crystal
shape. On the other hand, a polycrystalline structure increases non-
linearity [52, 53] and for that reason polycrystalline structures may
be more suitable for nonlinear applications. By increasing the pro-
cess temperature, one can achieve the deposition of polycrystalline
layer of TiO2 for T>165
◦C [54].
In a case of TiO2, titanium tetrachloride (TiCl4) and water (H2O)
and for Al2O3 trimethyl aluminum (TMA) and water (H2O) are
used as the precursors. The growth rate for TiO2 is 0.07 nm/cycle
and for Al2O3 it is 0.12 nm/cycle. The used ALDmachine was ALD
TFS 200 by Beneq.
3.2 PHYSICAL VAPOR DEPOSITION
In this section two purely physical methods to fabricate thin films
are discussed. The first one is electron beam evaporation and the
second one is magnetron plasma sputtering.
3.2.1 Electron beam evaporation
In the fabrication of optical components a hard mask is often used
between the resist (discussed later in the section 3.3.2) and the sub-
strate material for two reasons: to get a better selectivity for the
etching process and the electron beam lithography (EBL) pattern-
ing process requires a conductive layer, which prevents the sub-
strate from becoming electrically charged. The selectivity is an etch-
ing ratio between the substrate and the mask material and with a
higher selectivity, i.e. with the hard mask, it is possible to etch
much deeper (hundreds of nanometers) structures.
In electron beam evaporation, a material source is heated with a
high energy electron beam and the evaporated material goes up to
the substrate in a vacuum chamber. The schematic picture of this
electron beam evaporation is shown in Fig. 3.2a. In our fabrication
processes the used hard mask material is chromium, but other ma-
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(a) (b)
Figure 3.2: Schematic of the electron beam evaporation (a) and the magnetron plasma
sputtering (b).
terials can also be used. The used evaporation machine was LAB18
by Kurt. J. Lesker.
3.2.2 Sputtering
Magnetron plasma sputtering (or generally just sputtering) is an-
other physical method to fabricate thin films, where targeted atoms
are ejected from solid targets in a vacuum chamber. Inert gas, ar-
gon, is fed to the chamber, where argon atoms become ionized.
Those argon ions are used for the bombardment of the targets,
which eject atoms all over the chamber and on the substrate [55].
The schematic picture of magnetron plasma sputtering is shown in
Fig. 3.2b. During this thesis, sputtering was used to fabricate con-
ductive layers by using copper targets with an Emitech K675 sputter
system.
3.2.3 Comparison between different methods
Commonly, thin film coating methods are divided to chemical va-
por deposition (CVD) methods, including ALD, and physical vapor
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(a) (b) (c)
Figure 3.3: Main difference between the physical vapor deposition (a), the chemical vapor
deposition (b) and the atomic layer deposition (c) regarding the conformality of the coatings
on sub-microstructures.
deposition methods (PVD) including electron beam evaporation
and sputtering. Generally, in CVD methods, gas or liquid source
materials are used, while, in the case of PVD methods, solid state
source materials are used. The main difference between PVD, CVD
and ALD coatings on non-flat surfaces is illustrated in Fig 3.3. One
can appreciate a huge improvement of the film homogeneity when
passing from the physical to chemical vapor deposition. One can
also seen the advantage of ALD, which allows a conformal coating
even for high aspect ratio structures of the nanoscale.
3.3 ELECTRON BEAM LITHOGRAPHY
The basic idea of electron beam lithography (EBL) is to pattern in-
tended shapes in a high energy sensitive material, called resist, by
using an electron beam. These patterned shapes can be transferred
to a stronger material for example by using a dry etching technique,
which is discussed later in the section 3.4.
This technology was originally developed for the electronic in-
dustry [56], but it can be utilized in the field of optics [57]. The
main benefits of EBL are possibilities to use several substrate mate-
rials and produce complex patterns with nanometer size resolution,
which cannot be achieved with optical lithography. The downside
of this technique is that it is a slow patterning process if high resolu-
tion is needed and it requires expensive equipment [56]. However,
in research environment the EBL tool enables to pattern almost ar-
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bitrary shapes, which gives freedom to make various designs and
demonstrate new ideas in practice.
In the exposure process polymer chains are broken or formed
at predetermined places depending on the resist properties. Many
important things have to be taken into account in the design, such
as beam properties (size and current), exposure parameters (dose
value) and resist properties (molecular size). In this thesis the used
EBL machine was EBPG5000+ HR by Vistec and the schematic fig-
ure of the column is shown in Fig. 3.4. The electrons, which are
Figure 3.4: Schematic of the electron optics in the used EBL tool (Published with kind
permission by Vistec [58]).
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emitted from the source, are accelerated through the column by
applying a voltage. The beam is focused to the column by an align-
ment system. The designed pattern is achieved by deflecting the
beam by using lenses of two kinds, an electron (the highest in Fig.
3.4) and a magnetic (middle and below in Fig. 3.4), and blanking
the beam on and off [58]. The minimum spot size of our EBL ma-
chine is 2.5 nm. If better resolution is needed, the electron beam can
be replaced with an ion beam [59], but in practice the resolution of
a resist limits the minimum feature size of structures.
The sample is developed after patterning by using handmade
developers or by using a machine for this purpose, where the de-
velopers are already diluted. During this work an OPTIspin SST20
machine by SSE was used. The main idea in the development pro-
cess is to dissolve monomers from the exposed areas or unexposed
areas depending on the resist tone. Each resist has its own devel-
oper depending on the content of the resist.
3.3.1 Multipass writing
When the designed structure is converted to the Generic Pattern
Format (GPF) for the patterning process, main and subfield areas
are defined. In the patterning process the machine patterns first all
subfield areas inside one main field (in our EBL system usually an
area of 200 µm× 200 µm) by deflecting the beam, but then the stage,
in which the sample is placed, must be moved to the next indicated
place. At times this can cause problems, despite the 20 nm stitching
accuracy specified to our EBL machine [58]. Those errors may cause
serious problems especially in case of nanowaveguides. One real
example of a 270 nm stitching error is shown in Fig. 3.5. In case
of the wider waveguide (a), the stitching error increases losses, but
in case of the slot waveguide (b) it makes the particular waveguide
useless.
Problems of this kind can be minimized by using the multi-
pass writing option. The basic principle of the multipass writing
is to pattern the same spot several times with different mainfield
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Figure 3.5: Real example of a 270 nm stitching error in case of a 2µmwide strip waveguide
(a), and a 280 nm wide slot waveguide (b).
placement each time, which increases the probability to pattern the
whole area as designed. This multipass option was used in Paper I
to minimize position errors in EBL writing.
3.3.2 Resists
A resist is a high energy sensitive material, which is spun onto a
substrate before the patterning process. Resists can be categorized
in positive and negative types depending on a molecular structure.
Furthermore, negative resists can be divided to low and high con-
trast types. Low contrast resists can be used to fabricate, e.g., blazed
grating structures and high contrast to fabricate waveguides. The
main difference between positive and negative resists are the part
of the resist which dissolves in the development process after EBL
patterning. Patterned part dissolves and unpatterned remains if
the resist is a positive one and unpatterned part dissolves and pat-
terned part remains if the resist is a negative one [60]. The differ-
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Figure 3.6: Definition of the positive tone and the negative tone resist.
ence between positive and negative type resists after development
is illustrated in Fig. 3.6. The resolution of the EBL system is very
high, but the molecular size of the used resist limits the smallest
feature size of final structures. Also, the used hard mask may cause
some limitations in case of nanowaveguide structures. Two dif-
ferent resists, which are used during this thesis, are discussed in
following.
nLOF
nLOF, AZ 2070, is a negative Novolak based resist, which was origi-
nally developed for lift-off processes exposed by interference lithog-
raphy [61]. nLOF is also a suitable resist for EBL with fairly low
dose values, especially when a diluted solution is used. The used
dose value of nLOF resist is dependent on the feature size of the
structure, thus a dose test is needed before patterning. After spin-
ning of the desired thickness, the resist must be baked, a process
called prebake or softbake, on a hotplate to harden the resist and
evaporate remaining solvents. nLOF resist is also baked again after
patterning, a process called postbake, just before the development.
A benefit of this resist is a long life time and also, it withstands
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small changes in fabrication conditions before they start to affect
the patterning result. The molecular size of this resist is relative
large, thus the resist is not suitable for very small structures. In this
work the used developer was pure AR 300-47.
HSQ
Hydrogen silsesquioxane (HSQ), XR-1541, was also used as a neg-
ative resist. The molecular size of this resist is much smaller than
that of nLOF, which enables higher resolution structures and even
sub-10 nm feature sizes have been reported [62]. Unfortunately, the
shelf life time of the resist is limited to 6 months and it is very
sensitive to all changes during the fabrication and storage condi-
tions [63]. For this reason a dose test is recommended before EBL
patterning to confirm the quality of the resist. In this work, a NaOH
based developer Microposit 351:H2O (1:3) was used, but depending
on the size of structures more diluted solution can be used.
3.4 ETCHING
Etching is a method to remove material in a controlled way from
a surface in a solid state. In this section basic principles and the
used etching methods are presented. Etching techniques are di-
vided into two categories, dry and wet etching, depending on the
platform where the etching process is made. Usually, the target in
wet etching is an isotropic etching result, in which the material is
removed from all directions. In a dry etching process the target is to
reach an anisotropic etching result where the material is removed
directionally from top to down. The difference between isotropic
and anisotropic etching is illustrated in Fig. 3.7.
3.4.1 Dry etching
Dry etching processes are mostly plasma-based and can be divided
in three different categories: physical dry etching, chemical dry
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Figure 3.7: Etching profiles after isotropic etching (a) and anisotropic etching (b).
etching, and reactive ion etching. This dry etching section is fo-
cused only on the reactive ion etching (RIE) technique, because it
is utilized during this thesis. RIE enables a controlled material re-
moval from the surface of the sample and it is a widely used tech-
nique to transfer micro- and nanostructures from a resist to a harder
material. RIE is based on a gas phase etchant, thus an anisotropic
etching profile is possible to reach by combining physical material
removal (ion bombardment) and chemical corrosion. The opera-
tional principle of dry etching is following: gases are fed into a
low pressure etching chamber, where a substrate is located. Plasma
is turned on by applying a radio frequency (RF) power between
electrodes. Free electrons start to oscillate and collide with gas
molecules generating ions and radicals. During the etching pro-
cess the substrate is bombarded with positive ions, which breaks
bonds between atoms [60].
RIE is a complex process and this is only a qualitative descrip-
tion on what is happening inside the chamber during the etching
process. A more precise theoretical description has been given by
Hitchon [64], but a real live process development is highly exper-
imental and empirical. It is clear that three factors are needed in
an RIE process: the energized ions, the reactive gas and the forma-
tion of volatile compounds. Variable parameters are gas flow rate,
RF power, chamber pressure, chamber temperature, and Inductive
Coupled Plasma (ICP) power (if used) [65].
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Figure 3.8: Difference between RIE (on the left) and ICP-RIE plasma reactors (on the
right) (Published with kind permission by Oxford Instruments [66]).
The plasma density can be increased by using higher RF power,
but usually it is not an appropriate solution. An ICP unit can be
used to increase the ion density of the plasma. Plasma density in
a conventional RIE process is around 108 − 1010 cm−3, but with
ICP it can be greater than 5 × 1011 cm−3 [65]. For that reason a
higher etching rate can be reached and, however, if the plasma den-
sity is higher one can use lower RF power in the etching process.
It leads to smoother sidewalls, which increases the optical qual-
ity of nanowaveguides for example. Differences between RIE and
ICP-RIE reactors are illustrated in Fig. 3.8. In this thesis dry etch-
ing machines Plasmalab 100 with an ICP380 unit and Plasmalab 80
without an ICP unit by Oxford instruments were used.
3.4.2 Wet etching
In a wet etching process a liquid etchant is used to remove material.
The wet etching process is a purely chemical process and usually
it is isotropic, thus material is removed in all directions. An ex-
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ceptional case is silicon etching by using an alkaline-based etchant.
Depending on the crystal orientation of the silicon, wet etching can
be anisotropic process [65].
Hard etching masks and conductive layers can be removed by
using wet etching, in which case etching of other materials can be
avoided. During this work wet etching was used to remove Cr hard
masks by using ammonium cerium nitrate, water and acetic acid,
and Cu conductive layers by using diluted nitric acid.
3.5 SCANNING ELECTRONMICROSCOPY
Resolution of a traditional light microscope is limited by the wave-
length of light. The minimum feature size which can be observed
with a light microscope is the half of the wavelength of the visible
light, which means that the resolution can be at minimum around
200 nm [67]. In this thesis, the size of the fabricated features is much
smaller than this resolution limit and for that reason the traditional
microscope is not suitable for our purposes.
However, a scanning electron microscope (SEM) is a useful tool
for imaging very small structures. In this method, the sample is
bombarded with electrons in a vacuum chamber. When electrons
interact with the sample, producing secondary electrons from the
material and from those scattered electrons an image of the struc-
ture is composed.
Bombarding with electrons can cause a charging effect to sam-
ples and especially when the structures are consisted of dielectric
materials. For that reason a conductive layer must be used, when
one wants to image samples. Copper was used as the conductive
layers, because it can be sputtered quite fast on a sample and it can
be removed easily without damaging the sample. The used SEM
system was LEO 1550 Genimi by Zeiss.
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3.6 OPTICAL CHARACTERIZATIONMETHODS
A main interest in an optical characterization was to measure prop-
agation losses of the nanowaveguides and transmission spectra of
the functional waveguide based devices like slotted ring resonators
and nanobeam structures.
Light cannot be efficiently coupled directly from a fibered laser
to a nanowaveguide by using conventional optical fibers, because
the section of the waveguide is too small compared to the mode
size of the output of the fiber. In order to match both, we are us-
ing optical tapered lens fibers. At the same time, the nanowaveg-
uide is enlarged adiabatically of the input and output of the sample
(width = 2µm). The output fiber is connected to an optical spec-
trum analyzer, which was used to measure transmission spectra of
the devices. In all measurements the alignments were made with
piezo-electric actuators enabling a resolution of 30 nm over a travel
range of 12 mm.
Coupling of light can be done directly to the waveguide by using
a lateral coupling like in Paper I or by using a vertical coupling
with grating couplers like in Paper II. The lateral coupling method
is more sensitive to alignment tolerances than the vertical coupling.
On the other hand, usually grating couplers are designed to work
at a certain wavelength, which may cause problems if one wants
to use some spectral range instead of just one wavelength in the
measurements.
The cut-back method was used to measure propagation losses
of the strip waveguides. The transmitted power of waveguides with
different lengths is measured to obtain a value for propagation
losses of the waveguides. The advantages of this method is that
the setup related losses can be canceled out. On the other hand,
alignment of the fibers has to be optimized carefully especially in
case of the lateral coupling method and all the waveguides have to
measured several times to increase the reliability of the measure-
ments.
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4 Main results and applica-
tions
In this chapter a short background and main results of each paper
are presented. The main focus is kept on the experimental side and
the components fabricated by the author are discussed with more
details.
4.1 LOSS REDUCTION OF STRIP WAVEGUIDES
In this section benefits of an ALD re-deposition method are utilized
for reducing the propagation losses of the waveguides in NIR wave-
lengths with two different platforms. The first one is based on the
idea to decrease the sidewall roughness of the waveguides and the
other one is based on lowering the index-contrast between core and
cladding layer.
Low-loss titanium dioxide strip waveguides
Developments in nanofabrication techniques have gained lots of in-
terest and a wide variety of different nanophotonic devices from
biosensors to telecommunication have been demonstrated. A high
index contrast material is essential in devices where tight mode
confinement is needed, e.g., when using slot waveguides in biosen-
sors [68–70].
Although silicon is widely researched and the most common
material for nanoscale waveguide applications, two photon absorp-
tion and transparency only at wavelengths longer than 1.1 µm block
its usage in waveguide applications at visible wavelengths. These
facts have led researchers to find new materials with a high refrac-
tive index, transparency in the visible area of the spectrum and
good nonlinear properties. Silicon nitride (Si3N4) and titanium
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dioxide (TiO2) are good candidates to fulfil those demands. We
have chosen TiO2, because the propagation losses of an ALD grown
TiO2 slab waveguide has been reported to be below 1 dB/cm at
1.53 µm [71]. Furthermore, the ALD process for TiO2 is a well
known low temperature process and the precursors are not very
expensive. Guiding properties of TiO2 waveguides have also been
studied and it has been found to be an interesting material for fur-
ther studies [51, 72].
In Paper I we introduce a method to fabricate waveguides in a
TiO2 film, which is based on ALD, EBL, and RIE. The fabrication
flow is shown in Fig. 4.1. The TiO2 layer was grown on an oxidized
silicon substrate by using ALD machine. This amorphous TiO2 was
made in a thermal process at 120 ◦C by using titanium tetrachloride
(TiCl4) and water (H2O) as precursors. In this process the growth
rate of TiO2 is around 100 nm/h. A 50 nm layer of evaporated Cr
was used as a hard mask and a negative AZ 2070 nLOF resist was
spin coated on top of it. The resist was prebaked on a hot plate, 60
sec at temperature of 110◦C, before the electron beam patterning.
During the baking the resist hardens and extra solvents evaporate
from the resist. Patterning was made with an EBL tool by using a
fairly low dose (80 µC/cm2) with the acceleration voltage of 100 kV.
The high acceleration voltage decreases forward scattering from the
Figure 4.1: Process flow to fabricate TiO2 waveguides [Paper I].
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resist layer, but increases back scattering in the substrate compared
to lower acceleration voltages [73]. Post bake (110◦C for 60 sec on a
hot plate) was also needed before the development of the exposed
resist with a pure AR 300-47 developer for 90 sec and rinsing with
water for 30 sec. The hard mask was dry etched with the ICP-
RIE tool in the chlorine and oxygen based process (54/4 sccm, 15
mTorr, RF power 15 W and ICP power 1500 W). Next, the TiO2
layer was dry etched in sulfur hexafluoride (SF6), oxygen (O2) and
argon (Ar) (15/6/5 sccm, 40 mTorr, RF power 80 W) in the RIE
process. Finally, the remaining hard mask was removed by using a
wet etching solution consisting of ammonium cerium nitrate, water
and acetic acid.
Waveguides with different lengths (250 µm – 3000 µm) were fab-
ricated and transmission of those waveguides were measured by
using a cut-back method. The measurement setup is shown in Fig.
4.2. Each waveguide was measured several times to increase the
measurement accuracy by using the average of the measured re-
sults, thus variations in coupling efficiencies were minimized. After
measurements a trendline was fitted to the measured data (a linear
fit) by using a least-squares fit method and a slope of the fitted
trendline determines the value of the propagation loss.
Propagation losses were found to be 5.0 dB/cm at 1.55 µm. Those
propagation losses are the main concern with the high index con-
trast waveguides, because the electric field amplitude at the core/
Figure 4.2: Sketch of a cut-back setup [Paper I].
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cladding interface is high. The main reason for those propagation
losses is sidewall roughness of the waveguides, which is caused
by the lithographical processes. For that reason, we can further de-
crease the value of the propagation losses by using a post-processing
method. The idea of the post-processing method has been pre-
sented by Alasaarela et al. [74] to decrease propagation losses of sili-
con waveguides by using ALD grown TiO2. We extended this study
by adding the same material on the waveguides to decrease side-
wall roughness of the waveguides. Another possible method for re-
ducing the losses of TiO2 rib waveguides is annealing [75]. This an-
nealing was tested in an oxygen atmosphere at 700◦C temperature,
and many benefits were found after annealing: the anisotropy of
the stress decreases, the materials become more homogeneous, the
crystallinity of the material improves, and refractive index changes
[75].
Here, we want to reduce sidewall roughness of the waveguides
and for that reason, the post-processing approach was used to fur-
ther reduce propagation losses. In this re-deposition method the
sidewall roughness of the waveguides were reduced by making an
additional coating (30 nm) of the same material on the waveguides
by ALD. In this way propagation losses reduced from 5.0 dB/cm
to 2.4 dB/cm at 1.55 µm. Thus, the initial waveguide sidewall is
virtually removed and this new sidewall has reduced roughness.
All the measurements were carried out at 1.55 µm wavelength, but
this decreased sidewall roughness may have even greater effect on
propagation losses at visible wavelengths.
We want to point out that the re-coating process is made at
120◦C temperature, in which TiO2 does not become crystalline. This
low temperature process enables also to coat samples, e.g., repli-
cated polymers, which do not withstand high temperatures.
The measured propagation losses of the strip waveguides before
and after re-deposition are shown in Fig. 4.3, where one can see the
effect of re-deposition. When the thickness of the re-deposited layer
is smaller than the estimated sidewall roughness, the effect on prop-
agation losses is small. With a thicker re-deposition layer, which
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Figure 4.3: Measured propagation losses in the strip waveguides [Paper I].
is more than the estimated sidewall roughness (20 nm), the effect
is clearly seen. Hence, the propagation losses of the waveguides
were reduced significantly due to the decreased sidewall roughness.
SEM figures of the waveguides are shown in Fig. 4.4 before and af-
ter re-coating, where one can qualitatively see the improvement.
Using this kind of re-deposition method low-loss waveguides and
even more complex structures, like slot waveguides or nanobeam
structures operating at visible wavelengths become feasible.
Figure 4.4: Difference between sidewall roughness of the waveguides before (a), and after
re-deposition (b) [Paper I].
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Impact of passivation layer on integrated optic devices
Low propagation losses are one of the foremost requirements in
all integrated optics devices like, Y-branches, directional couplers,
and ring resonators. In Paper II we demonstrate the impact of an
aluminum oxide (Al2O3) layer made by ALD to reduce propaga-
tion losses of silicon nitride (Si3N4) strip waveguides in the near-IR
wavelengths.
The refractive index of Al2O3 was measured to be 1.56 at λ = 900
nm wavelength by an ellipsometry measurement. This measured
refractive index is between the ones of Si3N4 (n = 2.02) and air (n
= 1), thus it is suitable for gradually lowering the refractive index
contrast between the core and cladding. Ex field distributions of the
quasi-TE mode before and after ALD coating are shown in Fig. 4.5.
Critical material interface was found to be lower in the boundary
after ALD coating. Al2O3 was chosen based on the simulations [74],
but silicon dioxide (SiO2) and some thin film stacks (Al2O3, SiO2)
with different thicknesses were tested as other potential coatings to
reduce propagation losses. The best effect was observed with the
Al2O3 coating, thus this one was chosen and explained with more
details in Paper II.
The fabrication process was started by growing a Si3N4 thin
film with a plasma enhanced chemical vapor deposition (PECVD)
method. The waveguides with dimensions of a height h = 220 nm
Figure 4.5: Ex field distribution of a quasi-TE mode without Al2O3 coating (a) and with
Al2O3 coating (b). Due to this re-coating, a lower Ex field amplitude is found at the rough
material interface [Paper II].
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and a width w = 500 nm were patterned with optical lithography
(λ = 193 nm) and waveguides were etched with an RIE tool. After
the RIE etching process a passivation layer, a 40 nm thick (Al2O3)
film, was grown on the waveguides using ALD. The ALD process
used in this study is explained in the section 3.1.
The cut-back measurements were used to determine propaga-
tion losses of the waveguides. In the measurements TE polarized
light from a tunable laser source in the wavelength range 890 – 910
nm was used. Propagation losses were measured to be huge and
close to the noise level of the detector without ALD coating. Thus,
one could not give a trustable value for the propagation losses. This
huge loss value is due to fabrication processes, which were not fully
optimized. This poor fabrication flow gave us a grate opportunity
to test our re-coating method before the fabrication processes were
improved. After the ALD coating, an improvement of the propaga-
tion losses from very high values to ∼5 dB/cm level was observed
at λ = 900 nm wavelength. This proves the functionality of ALD
coating to decrease propagation losses of the waveguides. Optical
images (CMOS camera) and an intensity decay plots of the waveg-
uide before and after ALD coating are shown in Fig. 4.6, where
Figure 4.6: Optical microscope image and corresponding intensity decay plot to determine
the loss values before (a) and after a 40 nm ALD coating (b) [Paper II].
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one can see a clear improvement (i.e. decrease) in the amount of
scattered light from the waveguide. This indicates a clear improve-
ment in the propagation losses, which were also estimated from the
measured decay plots. One can see some anomaly peaks in inten-
sity decay plot after re-deposition. These are most probably due
to impurities, like a dust or other contamination on the waveguide,
because one cannot observe those peaks before re-deposition. Main
idea of these figures were re-confirm the loss measurements by the
cut back method and demonstrate this huge improvement through
the optical microscope.
This unique smoothing of the refractive index contrast opens
prospects to implement very low loss Si3N4 waveguides. We want
to point out that in this paper the original sidewall roughness was
not smoothed like in paper I. Here, we instead play with the index
contrast between the core and the cladding to get a smoother index
change, but due to the used coating method the sidewall roughness
was also reduced.
4.2 ONE-DIMENSIONAL PHOTONIC CRYSTALS ON FIBER
Optical fibers have been used as sensors for several decades [76–
80]. Advantages in fiber sensor applications are a long interaction
length, which offers a high resolution [81] and the detection of fluo-
rescence signals with a limit of detection of a few nanomols [82,83].
Also, the monitoring of bio-chemical activities or reactions is possi-
ble [84, 85].
The operating principle of fiber sensors is based on the external
medium properties, which can be detected by the evanescent field
of fiber modes. The sensitivity of fiber sensors can be increased
by increasing the overlap between the evanescent wave and the ex-
ternal medium. Several solutions have been proposed, such as, ta-
pering [86, 87], micro-structuring of the fiber [88], creating a Bragg
reflector inside the fiber [89,90], and adding either a coating [91–93]
or particles around a fiber [94, 95].
In Paper III we present a one-dimensional photonic crystal (1D-
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PhC) deposited on the sidewall of a glass fiber by using ALD. The
main challenge in the fabrication process is to coat a 1D-PhC around
the fiber conformally, because this kind of application is very sen-
sitive to thickness variations. Recently, Zhao et al. [91] have shown
potential of ALD by creating a layer around a glass fiber. We ex-
tended this study by creating a cylindrical 1D-PhC around the glass
fiber.
The 1D-PhC is constituted of a stack of TiO2 (a high refractive
index) and Al2O3 (a low refractive index material) on a silica fiber
with a diameter of 125 µm. Six pairs of the high and the low in-
dex materials are used with thicknesses of 80 nm and 150 nm for
TiO2 and Al2O3, respectively. This stack was designed to sustain
TE- polarized Bloch Surface Wave (BSW) propagation in the visible
wavelengths. The used silica fiber without cladding was produced
especially for this purpose by Oplatek Group.
In this study thermal ALD processes were used, which were
Figure 4.7: SEM images of a cleaved facet of the 1D-PhC. One can see boundaries between
TiO2 (81 nm) and Al2O3 (146 nm) layers.
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explained in the section 3.1. Conformal coating was ensured by
hanging the silica fiber in the air from ends. The fibers were also
placed perpendicular to the gas flow in the chamber. One can ascer-
tain the deposited thicknesses of the different layers by using SEM
images in the Fig. 4.7, where thicknesses 81 nm of TiO2 and 146
nm of Al3O3 are close to the targeted values (80 nm and 150 nm,
respectively) and well controlled over all the film stack.
Rhodamine 6G was used to investigate coupling and guiding
capabilities of the 1D-PhC. Fluorescence was excited by a frequency
doubled Nd:YAG laser (λ = 532 nm) focused perpendicularly to the
fiber axis, as shown in Fig. 4.8(a) and the fiber facet was imaged
Figure 4.8: Experimental setup (a); exemplary fluorescence images of the 1DPhC-coated
end facet upon laser excitation at different excitation distances (b-d), as indicated therein;
fluorescence image of the cleaved facet of a bare glass fiber (e); ratio of the fluorescence
intensity averaged over the two side wall regions S1 and S2 over the fluorescence intensity
averaged in the inner region C (inset) as a function of the laser excitation position (f).
Experimental data (red circles) are well fitted by an exponential curve (dashed line) having
a 250 µm decay constant [Paper III].
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on a CCD camera. When the laser excitation position was close to
the bar facet, a bright fluorescent ring was detected compared to
the bare glass fiber, as shown in Figs. 4.8(b-e). Some defects (bright
spots) on the facet appear due to the cleaving of the fiber.
In this study experimental evidence of coupling and guiding
capabilities of the fluorescence light in a 1D-PhC was found. This
is a novel and a low-cost approach to increase the local density
of states on the surface of the fiber. At this moment ALD is the
only method, which enables to grow this kind of thin film stacks
on a fiber. Also, another benefit of ALD, the accurate film thickness
control, was used to reach the target film thicknesses. The proposed
idea to coat fibers allows to design novel fluorescence-based remote
sensors. Furthermore, the coated fibers can be further coated by
metallic nanoparticles for Raman enhanced detection.
4.3 ADJUSTING OF THE PARAMETERS IN WAVEGUIDE
BASED DEVICES
In this section, we describe the use of the ALD technology for tun-
ing the geometrical parameters of waveguide based devices. Fab-
rication of slot waveguides and a nanobeam cavity structure and
their operation at visible wavelengths were demonstrated.
Slot waveguides for visible wavelengths
In Paper IV TiO2 slot-waveguides operating at visible wavelength
were demonstrated. The required narrow slot width was achieved
by using the feature size reduction method. To our knowledge,
vertical slot waveguides in a dielectric material and operating at
visible wavelengths have not been demonstrated earlier.
Slot waveguides were introduced in 2004 by Almeida et al. [14]
and the first demonstration of the device at 1.55 µm was also re-
ported in the same year [96]. The operation principle of a slot
waveguide is a little bit different than the one of conventional waveg-
uide structures. A slot waveguide structure is composed of two rails
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of a high refractive index material and a slot of few tens of nanome-
ters between those rails. The field is confined to this low refractive
index region (slot part) [34]. This comes directly from the boundary
conditions, where the normal component of the electric flux density
D must to be continuous over the boundaries. This leads to discon-
tinuity of the electric fields causing exponentially increasing optical
intensity in the slot region in the quasi-TE mode (Ex). Due to that
reason the slot waveguide structures can be very useful to achieve,
e.g., high sensitive sensors [68–70, 97, 98].
While one is focusing on the visible area of the spectrum in-
stead of the NIR region, the width of the slot must be narrower.
Also, with shorter wavelengths, the quality of sidewalls plays an
important role in minimizing excessive scattering losses. In the
fabrication process the foremost challenge is to reach a small slot
width (<100 nm) with a low amount of sidewall roughness. This
small slot width is very difficult to reach directly by etching (RIE
process) due to the loading effect in the etching chamber, which
causes a nonuniform etching result.
Loading effects can be divided into three types: macroloading,
microloading, and aspect-ratio-dependent loading effect (ARDE). It
means that the etching rate is not the same with different feature
sizes. In the case of this work, one can consider the ARDE, which
is also called an RIE lag or an aperture effect [60, 65]. The phe-
nomenon of the ARDE is complicated to understand, but Gottscho
et al. [99] have listed reasons, which may explain this phenomenon.
One theoretical description to fabricate slot waveguides for the
visible wavelength is presented by Tesla et al. [100]. This layer-slot
is produced by a deposition step instead of an etching process. This
method makes the fabrication process easier, but it cannot be used
in realizing, e.g., ring resonators due to the buoyant structures.
Here, we demonstrate a feature size reduction method to reach
a designed narrow slot width. This method was proposed by Ala-
saarela et al. [101] to fabricate silicon slot waveguides with increased
mode confinement. The idea of the feature size reduction is shown
in Fig. 4.9, where slot waveguides are fabricated with a top-down
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TiO2
SiO2
Figure 4.9: Schematic figure of the feature size reduction method. The darker layer corre-
sponds to the additional layer of TiO2 on the waveguide structures.
method and after the final etching step ALD is used to re-coat the
fabricated waveguides. The darker layer corresponds to the addi-
tional material on the slot waveguide structure. During the ALD re-
coating the width of the slot decreases and the rails become wider.
The fabrication process was following: a device layer (220 nm of
TiO2) is grown on an oxidized silicon substrate (3 µm oxide layer)
by using ALD. A hard mask, a 50 nm layer of Cr, is deposited by us-
ing electron beam evaporation on top of TiO2. Waveguides are pat-
terned to an HSQ (XR-1541) resist with EBL. Patterning was made
by using a high dose (6500 µC/cm2) with the acceleration voltage of
100 kV. The exposed HSQ resist is developed with an AZ 351:H2O
(1:3) developer. At this point, the waveguide rails are narrower than
the designed width. The dry etching of the Cr mask is done using
chlorine (Cl2) and oxygen (O2) based plasma etching process (54/4
sccm, 5 mTorr, RF power 140 W and ICP power 1500 W). After the
Cr etching, the TiO2 layer is dry etched by using sulfur hexafluo-
ride (SF6), oxygen (O2) and argon (Ar) (25/6/5 sccm, 55 mTorr, RF
power 105 W). These etching recipes are improved from Paper I to
be better suitable for this purpose. After two dry etching steps, the
remaining Cr layer is removed by a wet etching solution. Finally the
fabricated structure is re-coated with an additional layer (30 nm) of
TiO2 to reach the targeted slot size. During the ALD re-coating the
slot width is reduced and the rail widths are increased. Thus we
have to take account the re-coating to get the desired parameters.
For this reason it is understandable that the aspect ratio of the slot
cannot be varied as desired. Distributions of the quasi-TE Ex field
component and the corresponding slot waveguide profiles are pre-
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Figure 4.10: Quasi-TE mode Ex field distributions (λ = 650 nm) and SEM pictures of the
corresponding slot waveguide profiles with different slot widths. Slot width of Ws = 30
nm (a), Ws = 50 nm (b) and Ws = 80 nm (c), respectively [Figure partly modified from
Paper IV].
sented in Fig. 4.10. One can see that the mode is well confined to
the slot region in all the slot waveguide structures.
In order to provide an experimental proof of the existence of a
slot mode inside our structure, we added a ring resonator in the de-
sign, which is shown in Fig. 4.11. The ring resonator measurements
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Figure 4.11: SEM picture of one of the fabricated ring resonator structures [Paper IV].
were used to calculate the group index of the propagating mode in
the slot waveguide. The measured transmission spectra are shown
in Fig. 4.12 for Ws = 30 nm (a), and Ws = 80 nm (b). The used
supercontinuum light source (NKT Photonics, SuperK COMPACT)
is fully unpolarized and one cannot polarize it over a large wave-
length range, without losing too much power. For that reason, both
polarization states are presented in the same figure.
Group indices of the modes in the structure can be calculated
by using Eq. (2.30) and the calculated group indices are shown
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(a) (b)
Figure 4.12: Measured transmission spectra through a 6 µm slotted ring resonator (WS =
30 nm (a) and WS = 80 nm (b)) [Paper IV].
in the Table 4.1. A good agreement was found between 2D FDTD
simulations and measured results, which proves the existence of
the slot mode inside our ring resonator structure.
In this study, we have designed, fabricated and characterized
TiO2 slot waveguides working at visible wavelengths. The ring
resonator based on slot waveguides was used as a tool to confirm
propagation of the slot mode inside our structure. One of the main
benefits of ALD, called feature size reduction, was used to reach
narrower slots and simultaneously the sidewall roughness was de-
creased. We have found good agreement between simulated and
measured results.
Slot waveguide structures may open up interesting possibilities
in waveguide biosensor applications at visible area of the spectrum,
due to stronger light-analyte interaction compared to conventional
Table 4.1: Theoretical (ntheog ) and measured group indices (n
exp
g ) of the slot waveguides
with different slot widths (Ws).
Ws [nm] n
theo
g n
exp
g
30 2.21 2.20
80 2.40 2.42
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waveguides. Interesting slot waveguide applications include a slot
waveguide ring resonator based refractometric label-free biosen-
sors, label-based optical sensing, and nano-opto-mechanical sen-
sors [102]. In addition, using visible light one can avoid the water
absorption peak in near IR and get a possibility to use fluorescence
markers in label based sensing methods [12].
Nanobeam cavity structure for visible nanophotonics
In Paper V we investigate the feasibility of a one-dimensional TiO2
nanobeam cavity structure (also called one-dimensional photonic
crystal) for visible wavelengths. A nanobeam cavity is a structure
with strong resonances within a photonic band gap. This strong
light-matter interaction and a small footprint make nanobeam cav-
ity structures sensible for on-chip chemical and bio-sensing [103,
104].
Double nanobeam [105] and quadrabeam [82] structures with
nano-slots have been demonstrated for sensing applications. Fur-
thermore, slotted nanobeam devices have been numerically stud-
ied [106] and demonstrated [107, 108] on silicon platforms and op-
erating at IR wavelengths. In our structure we have fabricated a
parabolic sensing window directly in the nanobeam cavity.
The demonstrated nanobeam consists of a one row of 42 sub-
wavelength holes to achieve a smooth modal transition between the
nano-waveguide and the cavity. This adiabatic coupling is imple-
mented by varying the radii of the holes in steps of 1 nm from 47
nm to 67 nm. The parabolic window, with the width varying from
5 nm to 75 nm, is placed in the middle of the nanobeam to facilitate
the infiltration of an analyte material (a gas or a liquid) [109]. Also,
this opening works as a slot waveguide enabling greater interaction
between light and the analyte, which enhances the sensitivity of
the device in sensor applications. The structure exhibits a full pho-
tonic band gap (for both polarizations) between 635 nm and 700 nm
and a strong resonant mode at 651 nm. The simulated results are
shown in the Fig. 4.13, where one can notice that the field intensity
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Figure 4.13: Part of the proposed nanobeam cavity structure with an open window (a)
with parameters p = 180 nm, d are varied from 94 nm to 134 nm and w are varied from
5 nm to 75 nm. FDTD simulated transmission spectra for both polarizations (b), Field
distribution (Ex) in the XZ plane for the resonant wavelength λ = 651 nm for the quasi-TE
polarization (c), and the Ex field amplitude distributions along the two observation lines
[Fig. 4.13(a)] at λ = 651 nm (d), revealing the slot modes within the opening [Paper V].
is increased in the window section of the waveguide.
The fabrication flow of the nanobeam structures is similar than
in Paper IV and for that reason it is not discussed here again. The
main idea is to use the ALD technique to finely adjust the struc-
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tural features after the final etching step, after which the nanobeam
structure becomes suitable for visible wavelengths. This means that
before the 20 nm re-coating of TiO2 the holes were 40 nm larger in
diameter and the waveguide was 40 nm narrower than the targeted
parameters.
The whole fabricated nanobeam structure and a zoom-in to the
taper and to the open window are shown in the Fig. 4.14a. The
measured transmission spectrum of the device is presented in the
Fig. 4.14b. The response of the device is in good agreement with
the simulated one when considering the sum of both TE and TM
Figure 4.14: SEM pictures of the whole fabricated device and a zoom-in to the taper and the
opening window (a). The measured transmission spectrum of the device with unpolarized
light source (b) [Paper V].
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polarizations. The used light source is fully unpolarized and thus
both polarization states propagate in the structure at the same time.
One can observe a photonic band-gap starting from λ = 635 nm
with several peaks. The difference between the simulated and the
measured intensities is due to the lens fibers, which were used to
couple light into and out from the structure. Coupling of the lens
fibers were optimized for 650 nm wavelength and for that reason
the experimental transmission peak (λ = 653 nm) has a higher in-
tensity level than the calculated one. Respectively, lower intensities
were found further from this wavelength compared the simulated
ones.
In this study the nanobeam cavity with to parabolic window
(slot part) is demonstrated to allow enhanced interactions between
the confined light and the cover material. Fabrication of nano-
waveguide based devices for the visible wavelengths is challeng-
ing, because even a small geometrical variation may change the re-
sponse of the device dramatically. For that reason ALD was found
to be a very useful technique to fabricate very small features, tun-
ing parameters of photonic devices and also relax fabrication toler-
ances. Further, this kind of 1D PhC configuration with a slot effect
are intent to be liquid or gas sensors at visible part of the spectrum.
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A general trend in nanophotonics is continuous miniaturization, es-
pecially in the field of bio-photonics, where researchers are looking
for new materials and methods for fulfilling increasing demands
of fast, precise and reliable diagnostic tools. These demands are
causing challenges for the capabilities of fabrication technologies.
Contributing to that situation, atomic layer deposition technology
has gained a lot of interest in the field of photonics during recent
years. This is due to the unique benefits of atomic layer deposition
compared to other thin film deposition technologies, which help to
achieve optical components with better quality.
In this doctoral thesis, an introduction to the waveguide based
devices was presented in chapter 2 to give the required theoretical
background to the reader. Furthermore, the possibilities of atomic
layer deposition technology were experimentally demonstrated to
fabricate and improve the quality of nanowaveguide devices, which
partially help to achieve those demands in the field of nanophoton-
ics.
In Papers I and II a post-processing method is demonstrated
to reduce the propagation losses of strip waveguides in TiO2 and
Si3N4 platforms. In the case of TiO2, the strip waveguides were re-
coated with an additional layer of the same material to reduce the
amount of sidewall roughness of the waveguides. The propagation
losses were reduced from 5.0 dB/cm to 2.4 dB/cm at 1.55 µm after
re-coating. In another case, the Si3N4 strip waveguides were re-
coated with Al2O3 to get a lower index change between the core and
the cladding layers. The propagation losses of these waveguides
were reduced from a very high value to ∼5 dB/cm at λ = 900 nm
wavelength by the coating. Thus, a significant loss reduction was
observed after the post processing for both platforms.
In Paper III a 1D photonic crystal was fabricated on a silica fiber,
where the Bloch surface wave was then proven to propagate. At this
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moment, ALD is the only method, which enables the fabrication of
such a thin film stack with high thickness accuracy around a fiber.
This is a novel and a low-cost approach to increase the local density
of states on the surface of the fiber. The proposed idea to coat fibers
allows the design of novel fluorescence-based remote sensors.
In Paper IV slot waveguides operating at the visible wavelengths
were demonstrated. To the best of our knowledge, earlier no-one
has demonstrated vertical slot waveguide structures in this kind of
dielectric material at visible wavelengths due to fabrication chal-
lenges. The main challenge in the fabrication process is the loading
effect in the RIE process, which prevents the direct etching of the
narrow slot.
In PaperV a nanobeam structure working at visible wavelengths
was presented. The nanobeam structure contains small feature de-
tails and even a small offset can cause notable change in perfor-
mance compared to the designed one. For that reason, a re-coating
method was used to fine tune the geometrical parameters. Also,
this re-coating method enables the fabrication of very small feature
sizes, which can be challenging to fabricate directly by RIE etching.
Generally, new fabrication methods and tricks should be trans-
ferable to mass production, or otherwise the price per component
can become too high for larger usage. The ALD technology can be
realized in mass fabrication, and even an ALD roll-to-roll method
has been developed for this purpose. One of the main benefits
in the mass production is that the additional price per component
caused by the ALD re-coating is small compared to benefits, which
are reachable by using the ALD technology as shown in this work.
In this study, the ALD technology was found to be a very useful
method to improve the optical quality of the strip waveguides, fab-
ricate thin film stacks with a very high layer thickness accuracy and
fabricate more complex waveguide based devices. These methods,
which have been presented in this doctoral thesis, can be utilized to
realize, e.g, optical sensors in visible area of the spectrum.
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Markus Häyrinen
Benefits of Atomic 
Layer Deposition in 
Nanophotonic Device
Fabrication
This dissertation is focused on 
the fabrication of micro- and 
nanostructures for the photonics 
applications by using the benefits 
of atomic layer deposition 
technology. A novel re-coating 
method has been demonstrated 
to decrease propagation losses of 
strip waveguides and fabricate 
nanostructures with smaller feature 
sizes. The proposed method has 
potential applications, e.g., in the 
field of bio-sensing.
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